An experimental perspex model of the BOF vessel was made to the scale of 1 : 6 on which mixing time measurements were done by injecting potassium chloride (KCl) at a certain point and measuring the conductivity of the solution with time. It was found that the mixing time in the vessel attained a minimum when the bottom nozzles (eight in number) were kept at a pitch circle diameter (PCD) ratio of 0.4 with combined blowing (top blowing as well as bottom blowing) but the mixing time became a minimum at a PCD of 0.5 when only bottom blowing was done. In order to get a finer position of the bottom nozzles so that the mixing time could still be minimized, a mathematical model was used (because experiment could not be done with so close placement of the nozzles in one setup) to simulate the flow in the vessel with the help of the two equation k-e turbulence model along with a discrete phase model to simulate the air bubbles being injected in to the vessel. The mathematical model could predict the mixing time in the vessel to a very good degree of accuracy when compared with the experimental observations for the PCD of 0.5. From the mathematical model it was predicted that the mixing time in the vessel could still be lowered if the bottom nozzles were placed at a PCD of 0.56 instead of 0.5.
Introduction
In combined blown oxygen steelmaking converter, bottom blowing plays important role in mixing within the bath. Better mixing is believed to cause better homogenisation of the temperature and chemical composition of the bath and improving the reaction rates by bringing reactants together and moving products away from the reaction site. Bottom blowing plays a major role in the bath mixing and is affected by several parameters like amount of gas injected, number of tuyeres used, the way tuyere are placed in the bottom i.e. tuyere configuration, shape and size of the bath etc. So there is a need for optimisation of bottom tuyeres for a given set of parameters to achieve the best possible mixing in the bath. Several investigators [1] [2] [3] [4] [5] [6] [7] [8] have studied these parameters to achieve improved mixing in the bath. Singh and Ghosh 3) carried out cold model study in a scale down model of 1 : 40 of 230 t LD converter. They studied effect of bottom gas and number of bottom porous plugs on mixing time, but their study was limited to very few number of bottom porous plug. Later several reported and unreported studies were carried out at Tata Steel. One of such studies by Ajmani and Chatterjee 4) figured out the effect of increasing the number of bottom tuyeres, there location and configurations. Akdogan and Eric 5) performed experimental study in a bottom blown air-stirred one-seventh water model to investigate the bath mixing. They determined mixing time at various bottom gas flow rates, bath heights, and nozzle configurations. Again the study was limited to few nozzles with three different nozzle configurations. Roth et al. 6) studied few nozzle configuration with a centre nozzle and eight nozzles arranged equidistantly on three circles. They concentrated their study on nozzle interaction with top jet and resulting fluid flow. They did not conclude on optimum location of tuyeres. Olivares et al. 7) carried out water modelling in one-eighth scale down model. They reestablished the fact that the mixing time decreases as bottom gas flow rate, bath height, and number of tuyeres are increased. Recently, Luomama et al. 8) studied various bottom nozzle configurations while analysing the mixing time w.r.t. top jet and bottom plume interaction. They concluded that a three bottom nozzle system gives better mixing performance as compare to four or five-nozzle system though they did not commented on optimum radial position of the nozzles.
After adapting combined blowing in 1989-1990 and subsequent improvements in the top blowing, continuous efforts have been made to improve the bottom blowing performance of the BOF vessel at Tata Steel. So far, improvement in mixing efficiency of the BOF vessel has been achieved by increasing the number of bottom tuyeres. Better mixing, thus, achieved had resulted in benefit in terms of better phosphorus partition and lower Fe in the slag. While shape and size of the vessel got changed, the optimum position and configuration of the bottom tuyeres was needed to be optimized again. perspective, a physical model and mathematical study of combined blown BOF was under taken to optimise the bottom tuyere configuration.
Methodology

Physical Modelling
A model made of plexi-glass was designed and fabricated with 1 : 6 scale and geometrical similarity was maintained as far as possible. Water and nitrogen were used to simulate the hot metal and argon gas respectively. The Modified Froude Number was considered to make the model dynamically similar to the prototype and is defined as the ratio of the inertial force to the buoyancy force and is calculated as given below: Modified Froude number r g :
Density of the gas injected r l :
Density of the liquid g : Acceleration due to gravity H :
Characteristic lengthϭLiquid height in vessel for bottom purgingϭLance tip from bottom of vessel for top purging u:
V elocity This modified Froude number [1] [2] [3] [10] [11] [12] [13] was used to choose the dimensions of the top lance tip as well as bottom tuyeres and to estimate the blowing conditions. The details of the actual and the model parameters used are listed in Table  1 .
Bath height has been simulated for 160 ton of liquid metal. The top lance used for the study was a six-hole lance (SHL), which is same as that used in the actual vessel. In actual operation the lance height is varied from 1.7 to 2.2 m. In the model, the lance to bath distance was kept constant at 0.30 m for all the experiments. The top lance gas flow rate and bottom gas flow rate were computed using the modified Froude number criteria. A number of tuyeres were provided at the bottom of the vessel for experimenting different configurations. Provision was made in the model to experiment four Pitch Circle Ratio (PCR: ratio of tuyere circle to bottom diameter) at 0.66, 0.58, 0.50, and 0.40 (see Fig. 1 ).
Mathematical Modelling
The mathematical modelling approach is to solve the flow field in the bath in the presence of the air bubbles which are being injected from the bottom nozzles. For this the continuity and the momentum equations are solved along with the momentum exchange term as a source term in the momentum equation for the liquid phase with the following assumptions: 1. Thermal interactions are ignored and the entire system is assumed to be isothermal because the experiment is done in isothermal condition. 2. Discrete mono size bubbles were assumed to form at the nozzle tip. 14, 15) Thus the size of the bubbles forming at the nozzle or orifice was assumed to be known a priori from the available correlation reported in the literature. 19) The size of the bubble was estimated on the basis of the ambient flow rate and was considered to remain invariant during its rise through the liquid. 3. Bubble-bubble interactions were assumed to be negligible and hence, the drag coefficient correlation, applicable to a single bubble-fluid system, was applied for the appropriate range of Reynolds number.
Fluid Flow Equations
For the situation of gas injection operations considered in the present work, the governing equations for fluid flow are represented as follows. In order to determine the mixing time in the vessel, the Where,
Equation of Motion for the Bubbles
The analysis of the bubbles had been carried out via a Lagrangian approach, 18) in which the trajectories of individual bubbles are stochastically determined in space. The time rate of change of velocity (proportional to massϫac-celeration) of a discrete bubble is the result of various forces acting on the bubble. The appropriate form of Newton's second law of motion, is represented as ............. (7) where F x is an additional acceleration (force/unit particle mass) term, F D (uϪu p ) is the drag force per unit particle mass and is given as Where a 1 , a 2 , and a 3 are constants that apply to smooth spherical particles over several ranges of Re given by Morsi and Alexander. 16) Additional forces (F x ) may be present in the particle force balance that can be important under special circumstances. The first of these is the "virtual mass" force, the force required to accelerate the fluid surrounding the particle. This force can be written as • Momentum Exchange: The momentum exchange term in the liquid phase equation of motion can be evaluated readily from the concept that the drag forces experienced by the bubbles act with equal magnitude but in opposite directions in the liquid phase. On the basis of this the term momentum exchange "F" in Eq. (3), can be represented as ..... (13) 
Boundary Conditions
For the solution of Eqs. (3)- (6) boundary conditions are needed which are prescribed as follows. The velocity on the wall of the vessel is set to zero and the no slip condition on the wall is always prescribed. At the inlet of the nozzle the gas velocity is prescribed because it is known from the experiment and the turbulence intensity was set to 2% with a turbulent viscosity ratio of 10 to start with. Details of the turbulence prescription can be found from the authors article. 20, 21) The top surface of the vessel was set to a zero shear stress condition where the gas bubbles were allowed to escape. Once the solution reached steady state the tracer dispersion equation was solved where the inlet of the tracer injection point was set to mass fraction of 1 for 1 s. This was achieved in 5 equal time steps of 0.2 s each. Then the mass fraction at the tracer inlet was set to zero for the rest of the computation. The wall of the vessel was treated as impermeable to the tracer so zero flux condition was set at the walls.
Numerical Solution Procedure
The momentum equation along with the turbulence closure equations are integrated over a control volume and then discretized to yield algebraic equations by using finite difference methods. In the discretization scheme for the convective variables, first order upwind scheme was used while for the diffusive fluxes central derivative schemes were used. The pressure velocity correlation is obtained from the SIMPLE algorithm and the sets of algebraic equations are solved using a multi-grid technique of Fluent. For discrete particle simulations, explicit time integration is used to solve the translational motion of the particles. At each time step, discrete particle model will give information such as the positions and velocities of individual particles. This interaction force is used to determine the fluid flow field, from which the fluid drag forces acting on the individual particles are calculated. Incorporation of resulting forces into discrete particle expressions will produce information about the motion of individual particles for next time step. In this way continuous and discrete phases are coupled via the drag forces on particles while satisfying the momentum conservation equations. The convergence of the equations were monitored by the whole field residual of
Re Re
each variable and when this variable fell below 10 Ϫ3 the solution was assumed to have converged for that time step. So marching to the other time step could be done after this step. Steady state solution for the velocity field could be achieved by performing the simulation for more than 60 s (real time) which took a computer time of more than 18 h. After this the tracer dispersion equation was solved in the flow field in order to determine the mixing time in the vessel. The tracer mass fraction was kept at 1 for 1 s (achieved in 5 time steps) and then the mass fraction was kept at 0 for all the other time steps. The dispersion equation was similarly discretized and solved by the multi-grid technique numerically in a transient manner for more than 60 s so that steady state could be achieved in the system. Monitoring of the tracer mass fraction at the probe and the point-1 could determine the mixing time in the vessel.
Experimentation
The experimental set-up is shown in Fig. 1 . In a typical mixing time experimental run, the model was filled with water to a depth of 0.27 m, which corresponds to the 160 t bath capacity. The lance height was fixed at 0.30 m for all the mixing experiments. For the mixing time experimentation slag phase was not simulated as the overall mixing in a converter is exclusively governed by fluid flow in the metal phase. The conductivity probe location was decided after conducting experiments with several other locations in the bath. The location, which gave maximum mixing time, was chosen to be the final probe location. The final probe location was dipped 90 mm into the bath and 194 mm away from the periphery wall of the vessel as shown in Fig. 2 . 50 mL of 2 N KCl solution was used as tracer for a single run for measuring the conductivity of the bath to estimate the mixing time. Nitrogen was introduced through the top lance at a flow rate of 1 200 lpm through a rotameter connected to the header, maintained at a constant pressure. Simultaneously nitrogen was introduced into the bath through the bottom tuyeres. The flow rate for top lance and the bottom tuyeres were maintained at a predetermined level. The mixing time for each experiment was calculated from the conductivity versus time plots. Mixing time was defined as the time beyond which the changes of conductivity were less than 5 % of the steady state value. For each case several measurements were performed, and the mean value was taken as the mixing time. Reproducibility of the result was ensured to within Ϯ1 s by several repetition of the experiment for a particular set of parameters.
• Equiangular Configuration: The existing eight-tuyere configuration of the bottom nozzles are shown in Fig. 3 , where all the tuyeres are placed at an equal angle of 45°to each other. Figure 3 shows the configuration of the nozzles with different PCRs also.
Results and Discussions
Experiments were carried out to find out the best PCR location that could give comparatively better mixing performance than rest of the PCRs. An overall comparison of all the configurations gave the idea of an optimum bottom tuyeres configuration.
Equiangular Bottom Tuyeres Configuration
Effect of bottom gas flow rate on mixing: For all the configurations studied, it was found that mixing time decreases as bottom gas flow rate increases for combined blowing for the range of operating gas flow rate in the plant (4-8 Nm 3 /min or 10 to 50 lpm in the experimental set-up) as can be seen from Fig. 4 . The finding is consistent with earlier results reported by other researchers.
14-26) Similar results were found in case of only bottom blowing. tomϩtop blowing).
Effect of Pitch Circle Ratio
To find the optimum PCR that gives better mixing performance, experiments were carried at four PCR i.e. at 0.40, 0.50, 0.58 and 0.66 with equiangular configurations. In equiangular configuration there are 8 tuyeres placed at equal angles on a pitch circle. Equal amount of gas was injected through all the 8 tuyeres. As can be seen from Fig. 4 , PCR 0.40 gave the minimum mixing time than that of the others. (It was the interaction with top lance jet that was responsible for reducing the mixing time.) This PCR can be considered to be the optimum which gives the best possible mixing for combined blowing, but however this could not be recommended because this case can cause bottom erosion of the vessel due to intermingling of the bottom and top jets. So the next PCR of 0.5 becomes the optimum for top purging. Results with only bottom blowing show that in absence of top lance, PCR 0.50 gives comparatively minimum mixing time, Fig 5. Later in the text we will make a comparison of the experimental result for PCR 0.5 with that of the computational result based on discrete phase modelling. The possibility of interaction with top lance made PCR 0.40 an unfavourable case although it gave lower mixing time and was not considered for further study. Figure 6 shows the interaction of top jets with bottom plumes for all the cases as has been visually observed from the experiment. As can be seen, all the PCR except 0.4 are safe as far as interaction with top lance is concerned. Therefore, PCRs of 0.50, 0.58 and 0.66 were considered for further study. At PCR of 0.4 there was too much intermingling of the top and bottom plumes which is not desired. Normally the top lance jet comes at a very high speed into the liquid steel while the bottom gas flow rate is not that high, so the plume velocity remains much lower compared to the top lance jet. If the top lance jet comes in to the same location as that of the bottom jet then that can cause heavy erosion to the bottom of the vessel near the bottom tuyeres because the presence of the bottom gas makes the local fluid very less dense for which the top jet can cause erosion. If the top lance hits elsewhere the bottom of the vessel, then that can not cause much erosion due to the presence of the dense liquid in the vessel. For this reason the intermingling of the two jets are not desired, for which we discarded the PCR of 0.4.
Results from Mathematical Modelling
The vessel was modelled half with 3 nozzles completely in it and the other two nozzles lying half inside it at the symmetry plane. The grid arrangement for the walls and the bottom of the vessel is shown in Figs. 7(a) and 7(b) while Fig. 7(c) shows the outline of the vessel along with two monitoring points (named as probe and Point-1). The grids are made to be fine near the nozzles at the bottom plane and also on the top plane of the vessel which can be seen from Figs. 7(a) and 7(b) . Figure 8 shows the velocity pattern at the top surface of the vessel with eight nozzles blowing gas from the bottom (50 lpm divided equally among them) with top lance being silent. From the velocity pattern it can be seen that there is no loss of symmetry in the flow and moreover there is no artificial diffusion taking place which could have spoiled the flow pattern from the present one to any other irregular pattern.
Once steady flow was achieved in the vessel, tracer was introduced into the vessel (50 mL of 2 N KCl solution) at the tracer injection point. Then the monitoring of the tracer (measurement of mass fraction at the point) at the two monitoring points (probe and point-1) were done with time. A typical curve for the mass fraction of the tracer can be seen in Fig. 9(a) for the probe as well as for point-1. A magnified view of the same curve is drawn with the y axis being changed to C/C 0 which represents the ratio of the mass fraction at anytime to that of the mass fraction at the steady state. From this curve it is possible to directly read the mixing time. The intersection of the line at 1.05 and the curve © 2007 ISIJ Fig. 7(a) . Grid lines on the bottom wall and the side wall of the vessel.
Fig. 7(b).
Grids on the symmetry and the top surface. for probe will give the mixing time as defined earlier. This way the mixing time for different gas flow rates were computed where all the nozzles were placed at 0.5 PCD (pitch circle diameter). It should be noted here that, if one is prompted to obtain the mixing time from the intersection of line at 1.05 and the curve for point-1 then the mixing time could have been 25 s. Because the conductivity probe in the real experiment was placed at a little different position compared to the point-1 (placed at the probe location) so we insist that the mixing time should be computed from the concentration curve of the probe. Figure 10 compares the mixing time for different gas flow rates from the bottom nozzles when the nozzles are located at 0.5 PCD with that of the experimental measurement. The agreement between the computation and the experiment seems to be reasonably well. However, the agreement between the computational mixing time and the experimentally observed one is not very nice at a PCD of 0.58. But the trend predicted by the computation is very nice when compared with the experiment. After this, the locations of the bottom nozzles were changed from one pitch circle to the other where the PCD varied from 0.5 to 0.58 and the mixing time for a gas flow rate of 50 lpm was computed for each PCD. In actual model it was not possible to determine mixing time in-between PCD of 0.50 and 0.58 because the nozzles could not be physically placed so close to each other in one experimental setup. So the mathematical model was used to predict the mixing time. We have already seen that the mixing time predicted by the model for 50 lpm of gas flow with the nozzles at 0.5 PCD shows very good agreement with the experiment. Figure 11 shows the mixing time in the vessel as a function of the positions of the bottom tuyeres or nozzles. It can be seen from the figure that when the nozzles are at a PCD of 0.56 minimum mixing time occurs in the vessel. It should be recalled from Fig.  5 that for bottom tuyere being at 0.5 PCD we had got the mixing time to be the lowest compared to all other PCD locations. But now by refining the position of the nozzles still further, we got the PCD value to be 0.56 instead of 0.5. This value was suggested to the plant for placement of the bottom nozzles in the new BOF vessel.
Conclusions
Water modelling experimentation and mathematical modelling (discrete phase analysis) in the BOF vessel was carried out to optimise the locations of the bottom blowing nozzles using mixing time study. The mixing time in the vessel was found out together with bottom and top blowing as well as by pure bottom purging by injecting a tracer at a certain location in the vessel and then by finding the steady state conductivity of the solution. It was found that the PCR location of 0.4 yields the minimum possible mixing time in the vessel with combined blowing where as only with bottom blowing the PCR of 0.5 gives the minimum mixing time as per the experimental observation. It was not possible to conduct the experiment with a PCR in between 0.5 to 0.58 for only bottom blowing, so mathematical modelling was used to get the mixing time for these range and it was observed that at a PCR of 0.56, minimum mixing time was observed for a gas flow rate of 50 lpm. A comparison of the mixing time obtained from the computation showed a very good agreement with that of the experimental observation for a gas flow of 10 to 50 lpm for the nozzles being located at 0.5 PCD. 
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